We have summarized the frequency and distribution of the rare variants encountered during the screening of 258815 allele products, the products of 51 different loci, in 3242 predominantly Caucasian (88 YO) newborns. Seventy-nine different rare variants, representing 187 occurrences, were identified. Almost 60 % (46 of 79) of the rare variants occurred as singletons while another 20 % were seen in two unrelated individuals. No rare variants were detected at 18 loci while no variants, either rare or polymorphic, were detected at 14 loci. More rare variants were identified at loci that were classified as polymorphic and also at loci where the gene products exist as a monomer. A positive relationship was observed between variant frequency, either classes or copies, and subunit molecular mass.
INTRODUCTION
Each new study of the level of genetic variation among individuals/populations highlights the diversity in the human gene pool. The variation observed is of two general classes. The first is variation which is polymorphic, that is, a few variants at a locus are widely distributed among many individuals in a population. In contrast, rare variants are, by definition, detected among a relatively few individuals in the population, the usual definition being that a phenotype with a frequency of less than 2 YO is considered a rare variant. The latter are more likely to represent the spectrum of relatively recent mutational events than are the polymorphisms, which for a variety of reasons represent the few survivors from among many mutational events occurring in the more remote past.
The number of studies that have surveyed, by electrophoretic techniques, a wide range of loci, including loci expected to be monomorphic, has been quite limited (Harris et al. 1974; Neel et al. 1978; Neel et al. 1980) . Within the context of a pilot study concerned with the feasibility of using electrophoretic techniques to detect germinal mutations in a human population (Neel et al. 1987) we have accumulated, during the last 10 years, an extensive data base useful for an analysis of rare variant frequency a t 51 loci. The loci studied were selected because of the availability of electrophoretic techniques permitting high resolution of their gene products rather than on the bases of anticipated variation, biological function or other restrictive criteria. This data base is especially suited for addressing questions regarding rare variant frequencies in a human population and the extent of variation in rare variant frequency among loci of the human genome.
DATA BASE
( 'ortf blood samples were collected from 3456 newborns and their parents at Women's Hospital at thc I-niversity of Michigan during the period of this study. To the extent possible, samples were collected from all newborns where informed consent and a blood sample from both parents could br obtained. In our previous publication on this series (Nee1 et al. 1987) , one of each pair of identical twins was excluded but otherwise all siblings were allowed to remain in the series as each is an independent test of mutation. This resulted in 277 747 locus tests. 9 L even percvtit of thc .;ampIcs were from siblings. including non-identical twins, as determined hy tlxamination of mot hers' hospital identification numbers. For the present series, to eliminate no11-hinomial \-ariation in statistical tcsts. only the first child in a family has been included in this data base. which reduces the number of newborns in the series to 3242 and the number of loc~us t c s t s to 258815. The population is 88% Caucasian and 7 '/o Black while the remaining 5% of thv population includes individuals of mixed or unknown racial origin and a very limited numhvr of individuals with other racial backgrounds. The number of unrelated newborns stutlitd ranges from 2 8 2 i for PGM1 to 631 for BGSS in the Caucasian sample and from 41 for K(:'iS to 112 for sci-era1 loci in the Black sample. Differences in the number of determinations (indi\ iduals studied) reflect the sequential addition of new loci as electrophoretic techniques u cr(L devt.lopcd.
as to the definition o f a 'rare variant' when one is screening representatives of diff~rent ethnic. groups. This is especially a consideration when, as in this series, some 20-3 0 "/o of the gcwe pool of the American Black group is known to be derived from the Caucasoid group. with a more limited gene flow in the other direction (summary in Reed, 1969) . In the present paper. we have elected not to count as a rare variant in either group, any allele with a frt.ciurncy greater than 0.01 in either of the two groups. This convention, however, does influcncae the direct comparison of our average variant frequencies with those of other inrcstigators. n ho also face the problem of ethnic admixture, albeit usually in a less pronounced forni ;\worclingly. tht. impact of this convention on the estimated variant frequency will also be discussed.
METHODS
Elwtrophoretic methods for most of the proteins studied have been previously described (Xef1.l rf (11. 1980. Rarrantes et al. 1982 : Saidu et al. 1985 Long et al. 1986 ). The electrophoretic system for inosiiie triphosphatase (ITPA). enolase (EKOl), diaphorase (DIA) and acetaldehyde dehydrogenase (ALUH) was the FUM/GPT buffer system described by Long et al. (1986) . ITPA. DIA and E X 0 1 were stained as described by Harris & Hopkinson (1976) while ALDH was stained as described by Yearse (1972). Prealbumin (PALB) was typed on a 7 % acrylamide gel nith a gel buffer of 1.25 M-Tris-HC1, pH 9.1, and a tank buffer of 004 M-Tris glycine, pH 8.5. I'ALR v as localized by staining with Coomassie Blue. 7-S beta globulin (BG7S) was typed as ibed by Haupt & Bohm (1977 
RESULTS
The data on number of determinations, classes of rare variants, total number of copies of rare variants and number of copies of each class of rare variants for Caucasians and Blacks are in Table l a and l b , respectively. Tables l a , b also present the allele counts (multiply determinations by two except for sex linked loci) for the polymorphic alleles in the major ethnic groups. The genetic nature of all rare and low frequency polymorphic variants was determined by establishing the occurrence of the variant in one of the child's parents. Although the electrophoretic mobilities of the variants have been rigorously compared, using standard techniques, to establish the minimum number of electrophoretic classes, no systematic attempt has been made to make direct comparison of these variants with those reported by others. Therefore, the variants have not been assigned names unless they have been the subject of other publications concerned with their biochemical characteristics. These would include variants a t the following loci : CRPL, Mohrenweiser & Decker, 1982 In the Caucasian sample, 64 different products of rare alleles, distributed among 154 individuals, were identified from a total of 114560 determinations (1.3 variants/1000 determinations). Seventeen different products of rare alleles, occurring in 27 copies (individuals), were detected in 9634 determinations among the Black sample (2.8 variants/ 1000 determinations). The frequency of different rare variants is higher in the Black sample (1.8 variant classes/ 1000 determinations) than in the Caucasian sample ( 0 6 variant classes/ 1000 determinations) (xz = 12.9, D.F. = 1, P < 001). In the total (pooled) sample, 79 different rare variants occurred in a total of 187 copies in the screening of 258815 alleles (1-4 variants/1000 determinations). If one does not exclude those variants which were found to be polymorphic in the other ethnic group, then the variant frequencies are as follows: in the Caucasian sample, there were 72 different rare allele products distributed among 255 individuals, resulting in a frequency of 0 6 variant classes/1000 determinations ; in the Black population, there were 18 different rare allele products distributed among 28 individuals with a resulting frequency of 1.8 variant classes/ 1000 determinations. Thus, the higher number of different rare alleles in Blacks is independent of the method of defining rare variants. By contrast, the number of variants encountered becomes 2.2/ 1000 determinations for Caucasians and 2*9/ 1000 determinations for Blacks. Eighty percent of the increase in number of variants in the Caucasian group is contributed by the CRPL*MI and PEPD*2 alleles, which along with the TF*DCHI variant, account for 45% of all of the rare variants in the Caucasian group.
Several of the alleles designated in Tables 1 a, b have been subdivided by utilizing additional electrophoretic or thermostability techniques (Wurzinger & Mohrenweiser, 1982 ; Fujita et al. 1985) . Therefore, the estimate of 79 different rare alleles is an absolute minimum estimate as this estimate is based upon variant classes identified by the original electrophoretic procedures Classes is number of different rare variants and copies is the total number of rare variants, while copies/class is the number of copies of each rare
Rare alleles that were identified in both ethnic groups. allele. w s rather than subdivisions identified during subsequent studies to characterize some of the variants. This characterization provides insight into the level of microheterogeneity and is similar to the results from many similar studies designed to subdivide variants with apparently similar electrophoretic mobilities. Note that the number of variants identified differs from the data of Nee1 et ul. (1987) because only unrelated (non-sibling) newborns have been included in the current sample. The distribution of classes of variants, both total, rare plus polymorphic, and rare variants per locus is in Table 2 . In the Caucasian sample, 17 of the 51 loci are monomorphic, that is, neither rare nor polymorphic variants were observed, while for 4 additional loci, ADA, CAII, ESD and GLOf, polymorphic but not rare mobility variants were detected. Rare variants were thus not detected at 30 of 51 loci. The average number of determinations at the 21 loci where rare variants were not detected was somewhat less (3 = 1772) than at the other 30 loci (z = 2573). The maximum number of alleles (rare plus polymorphic) at any locus was 7 for TF in the Caucasian sample. In the combined sample, GOT exhibited 7 different rare alleles.
Most of the rare variants were recovered as singletons. Forty-one of the 64 (64%) different rare allele products detected in the Caucasian sample occurred as a single copy while two copies were detected for another 13 (20%) allele products ( Table 3 ). In the total data set, 46 of the 79 (58 %) rare variants occurred only once and another 17 (21 %) twice.
The distribution of allele frequencies for the 133 gene products, including the most common variant, at each locus identified in the Caucasian sample is presented in Table 4 . Sixteen monomorphic loci are included in the tabulation. Thirty-eight alleles have frequencies of less than 00002 which corresponds to a single copy in approximately 2700 determinations per locus. Allele frequencies of 0-000340005 generally reflect two copies of an allele in 2700 determinations. At the other extreme, nineteen alleles, at nine loci, were encountered in polymorphic frequencies ( 0 0 1 4 9 9 ) . It should be noted that for 31 of the 51 loci studied, more than 2700 determinations were completed while 2000-2700 determinations were completed for fire other loci. For only 12 loci were less than 1400 individuals studied and the minimum sample size for any protein studied in the Caucasian series was 632 individuals. The units of this tabulation are of course sample size dependent and most such tabulations are based on smaller sample sizes, thus curtailing the lower limit rather sharply. Even within this sample, the varying number of determinations per locus is a complication. Thus, we have tabulated separately the 12 loci where less than 1400 unrelated individuals were studied. The number of rare variant classes does not differ significantly between the two groups, being 04 rare variant s per 1000 determinations for the < 1400 group and 0 5 for the > 1400 group, but the sam~)lr-size-imposed constraint on the observed variant frequencies is obvious. Svvwal different comparisons of allelic frequencies are in Table 5 . Among the proteins studied for elrctrophoretic mobility variants, 20 are monomers, (ALDH, ACP1, ADA, AK1, ALB, BPOAI. CA1. CA2. CRYL, DIA, ESB, HK1, HK2, PEPB, PEPC, PGM1, PGM2, PGK, T F and I'RO) of which 13 are monomorphic and 7 are polymorphic. Thirty-one proteins occur as homoor heteropolgmcrs, of which 23 are monomorphic and 8 are polymorphic. Rare variants were not detected a t 20 loci of which 14 (of 31) were polymeric proteins and 6 (of 20) were monomers. The greater variability of the monomers is further reflected in a higher number of both total alleles and rare alleles per 1000 alleles and also more total copies of rare alleles than for proteins which exist as polymers. Although a pattern seems to exist, none of the differences are significant at a P < 0.20.
At loci classified as polymorphic (at least two alleles exist at a frequency greater than OOl), the number of rare variant classes is higher than a t monomorphic loci (x2 = 2.5, D.F. = 1, P < 0.15) A problem exists in a similar comparison of the number of copies of rare alleles as 36 copies of a single transferrin variant were identified. This frequency is almost three times the numhm of variants encountered for the next most numerous rare variant. The total number of raw variant copies is higher at polymorphic loci if all of the data are utilized but the number of copies of rare alleles is not increased if the one transferrin variant is excluded from the data base. The number of classes of rare variants detected among the serum proteins was higher than for (.ither erythrocyte proteins or erythrocyte enzymes (x2 = 3.2, D.F. = 1, P < 010). 
026
The relative electrophoretic mobility of the variant classes is symmetrically distributed about the primary isozyme. The charge gain or loss of the variants was estimated from their mobility relative to the separation of the primary isozyme and other variants in the same system and also from the mobility of the degradation products/secondary isozymes relative to the parent molecule. The assignment of relative mobilities is a subjective estimate and is not meant to imply that the actual amino acid composition of the variants is known. Twenty-four allelic subunits have a mobility of plus one charge unit, while 23 are minus one relative to the most common allele. The number of additional alleles which differ by other than one charge unit are: +2/13, +3/7, +4/3 and -2/14, -3/5, -4/3. Nine other variant subunits had The relationship between subunit size and the number of different variants at a locus is autlincd in Table 6 . At all loci where no rare variants had been detected, it was assumed that this reflected sample size limitations rather than an absolute estimate of the frequency. Therefore. a ' cdculated ' rare variant frequency was obtained for these nonvariant loci. by assuming a numerator of 0.4 variants and a denominator equal to the number of alleles actually studitd. a technique similar to that previously employed by Harris et al. (1977) . In the few casts for which the subunit size of the various proteins, for the human, was not available from the literatun.. data from the most closely related species were used. The regression of classes of rare variants (following the adjustment described above) on number of amino acids per peptide was calculated assuming a linear relationship. The data are consistent with the expectation of more variant classes being associated with larger gene products, the scale being approximately 0.2 variant classes for each 100 amino acid residue increase in mass. The slope is steeper, 0.3 variant classes per 100 residues, when the relationship between total variant classes per locus (rare plus polymorphic allele classes) and subunit size is the basis for the calculation. The effect of subunit size on the number of variant classes was more pronounced for polymers than monomers and also for polymorphic over monomorphic proteins.
DISCITSSION
Only two other studies have examined rare variant frequencies at such a range of loci in similar large. nontribal population surveys. The rare variant frequency in the Japanese study was 1.9/1000 determinations, an allele frequency of 0.00095 (Nee1 et al. 1978) . The variant frequency in similar data from England. following exclusion of the very high frequency for placental alkaline phosphatase variants, is 1.1 heterozyotes/ 1000 individuals, an allele frequcxncy of 0.00057 (Harris et al. 1974) . These figures contrast with estimates of 1-3 rare variant heterozygotes per 1000 determinations (allele frequency of 0.000 68) for Ann Arbor ('aucasians and 2-8 rare variant heterozygotes per 1000 determinations (allele frequency of 0-001 41) for Ann Arbor Blacks. If, however. the 'adjustment ' for possible admixture effects described earlier is omitted, the variant frequency for Ann Arbor Caucasians becomes 2.2 variants/ lo00 determinations while the variant frequency for Blacks remains about the same a t 2-9 variants/l000 determinations. All 25 of the loci included in the Japanese data base and 23 of the 43 loci in the English study are included in the 51 loci examined in this study (most of the other loci in the English survey are expressed only in tissues other than erythrocytes).
The frequency of different rare variant classes in the English sample is 035 different rare variants/1000 determinations (Harris et al. 1974) . The comparable figure for Japan is 043 rare variant classes/l000 determinations (Nee1 et al. 1978) . The frequency of unique rare variants in the Ann Arbor Caucasian sample is similar, 0.55 classes/ 1000 determinations, but the frequency of 1-87 rare variant classes/1000 determinations in the Black sample is much higher than the other three estimates. The difference in frequency of rare variant classes in Ann Arbor Blacks and Caucasians is increased slightly if the 'adjustment ' for admixture is removed.
In all of the groups, approximately 50% of the rare variants are identified in only a single individual. In the English study, no rare variants were detected at 21 of 43 loci, while five of the remaining loci exhibit only polymorphic variation. Eleven of 25 loci in the Japanese study were without rare variants, while four of the 25 loci exhibited only polymorphic variants. No rare variants were detected at 20 of 51 loci in the Ann Arbor Caucasian sample, although four of the remaining 31 loci did exhibit polymorphic variation. Thus, in each study, over 40% of the loci did not yield a rare variant even though the number of individuals studied generally ranged from 1ooO-10000.
As only four of the rare variants in the Ann Arbor data base (two variants at the PGM2 locus and one each for HGBB and GOTS, see Table l a , b) were apparently in common to the two ethnic groups, it would seem unlikely that the higher incidence of rare variants in the Black sample reflects only admixture of the Black gene pool with Caucasian genes. To what extent the increased frequency of variant classes in the Black population is an artifact reflecting the smaller sample size is unclear, although the apparently higher frequency of rare variants is observed in other data where the Black and Caucasian samples are of similar size (Silver, 1982 ; Gershowitz, pers. commun.) .
Previous data, summarized from several different human populations, have indicated that 56 YO of monomeric enzymes are polymorphic, while only 30 YO of the polymeric proteins are polymorphic (Harris et al. 1977; Ward, 1977) . Within the Ann Arbor sample, 34% of the monomers are polymorphic while 24 % of the polymers are polymorphic. These numbers are not significantly different from the data collected by Harris et at. (1974) in their study of European populations. The reduced proportion of polymorphic loci in the latter two studies probably reflects the fact that the loci included in these studies were selected because of the availability of an electrophoretic technique rather than other selective criteria. Within the Ann Arbor Caucasian sample, the number of variant classes, both total and rare, and the frequency of rare variant heterozygotes, are higher for monomeric than for polymeric proteins, but the differences are not statistically significant. Similar observations had been noted in previous summaries of collections of data from various studies (Ward, 1977 ; Harris et al. 1977) . Likewise more classes of rare variants and more copies of rare variants are observed at polymorphic loci than at monomorphic loci. This increase is still seen when the loci are further subdivided into monomers and polymers.
Within a subset of this newborn sample, other techniques have been utilized to identify enzyme deficiency and thermostability variants. Enzyme deficiency variants exist at higher frequency than do electrophoretic mobility variants in both populations, enzyme deficiency alleles being detected with a frequency of 3.1 variants/1000 determinations in Caucasians and 19.2 variants/ 1000 determinations in Blacks (Mohrenweiser, 1981 ; 1983 ; in preparation). The frequency for the Black population is reduced to 9.1 deficiency variants if the polymorphic TPI* 1' and GGPD*A-variants are excluded. The allele frequency for thermostability variants not characterized by an altered electrophoretic mobility is 4 variants/1000 determinations in the Caucasian sample (Mohrenweiser & Neel, 1981) . (Data are not available for estimating the frequency of thermostability variants in the Black sample.) The total detectable variation associated with rare variants in the Caucasian population becomes 8-10 variants/ 1000 determinations if the data from the three approaches, which detect classes of genetic variation which do not overlap significantly, are combined.
The frequency distribution of the relative electrophoretic mobilities of the products of the variant alleles is consistent with previous observations and with models of step-wise mutation (Fuerst & Ferrell. 1980; Haldorson & King, 1976; Marshall & Brown, 1975) . It is intriguing to note that 12 of the 18 variant classes which differ from the most common allele by 3 or 4 charge units exist at polymorphic loci, although the polymorphic loci constitute only 15 of the 51 loci studied and account for only 30 of the 79 rare variant classes identified. Therefore, the variant frequency at the polymorphic loci would not be the only explanation for this distribution. It is interesting to speculate that intragenic recombinational events as well as recurrent mutation at an already polymorphic allele, may be responsible for generating some of these variants with mobilities that are quite different from the common alleles (Bowman & Kurosky, 1982; Carter et al. 1979; Takahashi et al. 1982) .
A positive relationship between subunit molecular mass and both the number of classes and number of copies of rare variants was detected in this study, the increase being of the order of 0 3 variants for each 100 amino acid residue increase in peptide length and similar to other estimates (Ward. 1978) . The relationship is stronger for polymeric proteins than for monomers, as was previously observed (Eanes & Koehn 1978; Harris et al. 1977; Koehn & Eanes, 1977) . This would be consistent with the larger proteins (genes) presenting a larger target for mutation. It should also be noted that many gene products are identified, following electrophoretic separations, by functional characteristics, thus amino acid substitutions which alter protein function or stability may not be detected as electrophoretic mobility variants. Therefore, the size/variation relationship could also be explained if larger proteins have less constrained conformations and therefore are more capable of tolerating a range of different amino acid substitutions. Also, mutations giving rise to variants with impaired function would often be associated with negative selection and therefore have a greater probability of not being transmitted to future generations. The real explanation for the relationship between subunit size and variant frequency is undoubtly an interplay of both factors but is probably dominated by the conformational requirements for catalytic function and protein stability, as observed with recent studies using site directed mutagenesis techniques and genetic variants (e.g. Daar et al 1986, Straus et al. 1985) .
